Chemical mimicry is an essential part of certain interspecific interactions, where the outcome for both species may depend on the degree to which the original signals are mimicked. In this review, we discuss a number of specific cases relating to pollination and obtaining nutrient resources that we believe exemplify recent advances in our understanding of chemical mimicry. Subsequently, we suggest avenues for future ecological and chemical research that should allow us to gain further insight into the evolution of chemical mimicry.
Introduction
Organisms may obtain information through an array of auditory, visual, mechanical, and (or) chemical cues, and in recent years, there have been a number of major publications examining animal communication channels (Bradbury and Vehrencamp 1998; Hauser and Konishi 1999; Espmark et al. 2000; Maynard-Smith and Harper 2003; Searcy and Nowicki 2005) . The recent advent of more sophisticated analytical and molecular techniques has resulted in significant advances in our understanding of chemical cues, not only with respect to the identification and role of infochemicals in intraspecific interactions (pheromones) but also of those modulating interspecific interactions within and between trophic levels (allomones). This has resulted in the discovery of some rather fascinating cases of both eavesdropping and mimicry. In the case of eavesdropping, receivers exploit chemical cues that play an important role in a totally different context. For example, traces of the sex pheromone that a female insect emits to attract potential males may remain on her eggs and subsequently act as a kairomone for egg parasitoids (Noldus 1988; Noldus et al. 1991; Hilker et al. 2000; Milonas et al. 2009 ). Similarly, the feces or honeydew from aphids and other sap-feeding insects may be exploited as foraging cues, as well as alternate food, by the parasitoids and predators that feed on the herbivore (Bouchard and Cloutier 1984; Budenberg 1990; Wäckers 2005; Wäckers et al. 2008 ). In addition, it is also exploited by some hyperparasitoids that in turn attack parasitized aphids (Buitenhuis et al. 2004 ). However, the costs associated with natural enemies exploiting these cues are lower that the benefits accrued from their production.
In contrast, in cases of chemical mimicry ( Fig. 1) , the mimicking species gains while the dupe species does not (Wickler 1968) . For many years, descriptions of such systems have been reported in the literature; however, it really is only in the last decade or so that we have started to gain real insight into the chemistry modulating these interactions. This represents a significant step forward, as it opens up avenues that will allow us to address broader ecological and evolutionary questions about chemical mimicry. Here we first review a number of fascinating cases of chemical mimi-cry involving insects and then offer a number of suggestions for future research in a field that offers many exciting possibilities from both fundamental and applied perspectives.
Chemical mimicry in pollination and spore dispersal
Contrary to animals, the sexual reproduction of most outcrossing plant species involves the intervention of an external agent such as wind or third-party animal vectors (Proctor and Yeo 1972; Bristow 1978; Meeuse and Morris 1984) . Animal-pollinated plants largely outnumber wind-pollinated ones, and it has been shown that wind pollination is a derived dispersal strategy that has evolved on multiple independent occasions, presumably as a direct outcome of pollinator limitation (Linder 2000; Culley et al. 2002; Friedman and Barrett 2008) . From the plants' perspective, successful reproduction requires the adequate manipulation of animal vectors that will unwittingly move their gametes to another compatible, conspecific individual plant. Over time, a considerable proportion of animal-pollinated plants have therefore evolved combining suites of different signals (colour, scent, shapes, etc.) that are commonly interdependent and combine to enhance pollination efficiency (see, e.g., Roy and Raguso 1997; Chittka et al. 1999; Gumbert and Kunze 2001; Willis 2002, 2005; Goyret et al. 2007 and references therein; but see Odell et al. 1999) .
Most plants species are generalized, i.e., they achieve cross-pollination by attracting more than one pollen vector species (Herrera 1996; Ollerton 1996; Waser et al. 1996; Johnson and Steiner 2000; Bascompte et al. 2003; Herrera et al. 2006 ) by providing floral rewards such as pollen, nectar, oil, perfumes, etc., in return for pollen transfer (Simpson and Neff 1981) . However, several groups of plants in different families benefit from pollinator services, although they never provide any collectible or edible reward to their pollen vectors, a phenomenon known as pollination by deception (Dafni 1984; Renner 2006) . Classic examples of this category of plants include food-deceptive orchids (van der Pijl and Dodson 1966; Ackerman 1986; Jersáková et al. 2006) , whose flowers are pollinated by a relatively wide range of food-seeking insects (e.g., Cozzolino et al. 2005 ) that are apparently not capable of discriminating between rewarding and deceptive flowers and species. Food-deceptive orchids sometimes mimic the floral signals of specific plants, particularly the flower spectral reflectance, through Batesian mimicry (Nilsson 1983; Johnson 1994; Gigord et al. 2002; Anderson et al. 2005; Galizia et al. 2005; Peter and Johnson 2008) , or else emit general visual and perhaps chemical signals that evoke the presence of a reward to the pollinators. Although it is known that the flowers of food-deceptive orchids are scented (Nilsson 1979 (Nilsson , 1980 (Nilsson , 1983 (Nilsson , 1984 Bergström et al. 1992; Moya and Ackerman 1993; Ackerman et al. 1997; Barkman et al. 1997; Andersson et al. 2002; Salzmann et al. 2006 Salzmann et al. , 2007a Salzmann et al. , 2007b Salzmann and Schiestl 2007) , the study of the role of floral fragrances and how they combine with visual signals to trigger pollinator attraction is still in its infancy in food-deceptive plants (reviewed by Jersáková et al. 2009 ).
Plants do not only lure insects in search of food. In fact, manifold plant species have taken another evolutionary road to the sensory exploitation of insects, namely by mimicking signals that are hard-wired to other basic needs of the targeted insects, such as finding mates or appropriate egglaying substrates. In the following sections, we will summarize the current state of knowledge on different insect-plant interactions based on deceit that have received attention in recent years, and for which there is evidence that the chemical signals play a major role (or even suffice) in the attraction of the targeted insects. We will first focus on sexually deceptive orchids, starting with an historical account of the discovery of sexual deception in orchids and a review of the milestone contributions in this field. This section will be followed by an overview of selected studies on the chemical basis of substrate mimicry involving not only flowering plants, but also mosses and fungi that attract insects for spore dispersal by mimicking flowers.
Orchid pollination by sexual deceit

The discovery of pollination by sexual deception
The visual similarity between the flowers of some orchids and insects has intrigued botanists and ecologists for centuries. Many hypotheses have been suggested to account for this resemblance, and even Darwin, in his long treatise On the various contrivances by which British and foreign orchids are fertilized by insects, published in 1862, just 3 years after the Origin of species, failed to provide an explanation based on natural selection for the insectiform flowers found in the European orchid genus Ophrys L. (Orchidaceae). In the early 20th century, Maurice-Alexandre Pouyanne, a naturalist and President of the Court of Appeal in SidiBel-Abbès, Algeria, performed detailed observations on the fertilization of several Ophrys orchids in his home region of North Africa. In his studies, Pouyanne reported on the behaviour of the pollinators (Figs. 2A) of the mirror orchid (Ophrys ciliata Biv. = Ophrys speculum Link.) (Figs. 2B- 
2D
) with an astonishing level of detail, revealing for the first time that the flowers of several orchid species do not produce nectar or any form of collectible or edible reward, but instead imitate the mating signals of female insects, thereby triggering flower visitation by the males of the targeted species. He shared his observations with Henri Correvon, a member of the French Horticultural Society, which resulted in the publication of several papers Pouyanne 1916, 1923; Pouyanne 1917 ). These observations were first met with disbelief by their contem- poraries, but several parallel observations (Godfery 1922 (Godfery , 1929 Wolff 1950 ) confirmed these early findings and paved the way for a long series of investigations, not only in Europe, but on other continents as well.
Since Pouyanne's milestone contributions to the field, pollination by sexual deceit has been further confirmed and reported from independent orchid lineages and on different continents, with extant representatives found across Australia (10 genera ; Coleman 1928; Stoutamire 1975; Peakall et al. 1987; Jones 1988; Peakall 1990; Bower 1996) , Central and South America (7 genera; van der Pijl and Dodson 1966; Dod 1976; Singer 2002; Singer et al. 2004; Blanco and Barboza 2005; Ciotek et al. 2006) , South Africa (genus Disa Bergius (Orchidaceae); Steiner et al. 1994) , and Europe (Delforge 2005; Schiestl 2005; Ayasse 2006; Jersáková et al. 2006 ). In all cases described so far, patrolling male insects (mostly solitary bees, but also solitary wasps and occasionally beetles; see Tyteca et al. 2006 ) attempt copulation, a phenomenon also termed ''pseudocopulation'', or a precopulatory courtship with the orchid flowers. The male insects sometimes display high levels of sexual stimulation on the flowers, erecting their genital capsule during convulsive movements, and rubbing it against areas on the flower lip where the density of hairs presumably adds to the initial olfactory stimulation (Agren et al. 1984; N.J. Vereecken, unpublished data) . In the case of the Australian ichneumonid Lissopimpla excelsa (Costa, 1864) and its associated orchids Cryptostylis erecta F. Muell. ex Benth and Cryptostylis leptochila F. Muell. ex Benth, the males are excited to the point of ejaculating in the flowers during pseudocopulations (Coleman 1928; Gaskett et al. 2008) . Whether other ''pseudo-female'' orchids are capable of such an extreme sexual stimulation of the pollinator is not known. Given the absence of any reward on flowers of sexually deceptive orchids, the interactions between these plants and their pollen vectors should best be viewed as one-sided or parasitic in nature. Indeed, although the orchids are exclusively dependent upon pollinator visits to ensure their reproductive success, the insects gain nothing in return from the time and the energy (and sometimes the sperm; see Gaskett et al. 2008 ) that they spend when attempting to copulate with the flowers. From the insect perspective, visiting these orchid flowers instead of searching to access freshly emerged females during the peak reproductive season might negatively affect their reproductive success, causing them to miss out on mating opportunities with genuine females (Vereecken 2009 ).
The chemistry of sexual deception in orchids -pre-1990 studies
Detailed studies on the pollination biology of these orchids have allowed identifying an array of pollinator attractants or stimulants, including visual, tactile, and olfactory floral signals (Kullenberg 1961) . Of all these signals, the floral scent has been shown to be the major pollinator attractant (reviewed by Schiestl 2005; Ayasse 2006 ), a finding consistent with the species-specificity and the pivotal importance of chemical signals in the mating behaviour of solitary bees and wasps (Kullenberg 1956; Kullenberg and Bergström 1976; Alcock et al. 1978; Bergström 1978; Eickwort and Ginsberg 1980; Bergmark et al. 1984; Ayasse et al. 1999 Ayasse et al. , 2000 Ayasse et al. , 2001 Paulmier et al. 1999; Wyatt 2003; Schiestl et al. 2003; Simmons et al. 2003; Schiestl and Peakall 2005; Fraberger and Ayasse 2007) , the major group of pollinators of these orchids. Investigations into the chemistry of orchid-pollinator interactions were initiated by Kullenberg (1956) , who noticed that the females of the pollinators released odours detectable by the human nose. Hence, Kullenberg and his collaborators focused their investigations on the composition of the glands that produce these highly volatile compounds (monoterpene and sesquiterpene alcohols and aldehydes, as well as straight-chained alcohols). The research group eventually identified several such compounds from mandibular glands of the female insects, including linalool, citronellal, farnesol, and nerolidol. Then by performing bioassays, it was shown that these substances indeed triggered approaching flights of patrolling males in a manner reminiscent to their approach to emerging, virgin females. During these bioassays, Kullenberg observed ''quick approaches'', ''persistent approaches '', or ''quick visits'' (terms coined in Kullenberg 1956 ) by the patrolling males, but the experiments failed to reproduce genuine copulation attempts with the scented dummies. Still, several techniques for the collection, isolation, and enrichment of Ophrys floral volatiles had been investigated in the hope of characterizing the full spectrum of compounds produced by individual flowers (Bergström et al. 1980) . For example, Borg-Karlson et al. (1985) concluded after analysing the compounds contained in the mandibular gland of Andrena fuscipes (Kirby, 1802), a summer-active male Andrena Fabricius, 1775 (Andrenidae), and comparing the gland composition with solvent extracts of an unrelated and nonassociated spring-flowering Ophrys flower, that ''[. . .] attention should be paid to aliphatic alcohols and oxygenated terpenes, as they are found also in the mandibular gland secretion or head extracts of many species of Andrena'' (Borg-Karlson et al. 1985, p. 285) .
All these early studies were motivated by the idea of describing instances of chemical mimicry between the orchids and the female bees as suggested by behavioural observations (Bergström 1978) . However, despite the considerable efforts and chemical analyses performed, no strict correspondence in odour (chemical mimicry) has ever been reported between the floral odour of the Ophrys species investigated and the mandibular or Dufour's gland secretions of the associated pollinator species (see Borg-Karlson and Groth 1986; Borg-Karlson and Tengö 1986; Borg-Karlson et al. 1987) . This led the researchers to speculate on the existence of ''general attractants '' (Borg-Karlson and Tengö 1986) , ''of multicomponent nature '' (in Tengö 1979) , or ''second class attractivity compounds '' (Borg-Karlson 1990) . By the mid-1980s, the only evidence for chemical mimicry between Ophrys flowers and their model organisms had come in the form of a partial qualitative match between the patterns of compounds found in (male!) bees and the floral scent of the Ophrys investigated. This led these authors to conclude (Borg-Karlson et al. 1985, p. 293) : ''[. . .] It seems not to be possible for the plant to release an exact qualitative and quantitative copy of the components in the females odour to attract and excitate (sic) the corresponding male bees.'' This last excerpt somehow contradicts the results of several parallel experiments, such as those by Kullenberg (1973) and Kullenberg et al. (1984) , which showed that solvent (n-hexane) extracts of Ophrys flowers, which were capable of triggering copulation attempts of male bees with the scented dummies, contained large amounts of low volatile odour compounds such as cuticular hydrocarbons and their derivatives.
The chemistry of sexual deception in orchids -post-1990 studies
In the late 1990s, a research team based in Vienna (Austria) extended the investigations by focusing their analyses and behavioural experiments on the low volatile compounds of the orchids and the female bees and they documented the first conclusive case of chemical mimicry in an Ophryspollinator species pair (Schiestl et al. 1999 . They used as model the early spider orchid (Ophrys sphegodes Mill.), which is pollinated by males of the mining bee (Andrena nigroaenea (Kirby, 1802) ). Their results show that both the virgin female bees (i.e., the model) and the fresh, unpollinated Ophrys flowers (i.e., the mimic) use identical odour compounds, particularly long and straightchained monounsaturated hydrocarbons (alkenes), in similar proportions to attract the males of A. nigroaenea. Their bioassays provide evidence that these less volatile compounds are capable of triggering not only ''quick approaches'' or ''quick visits'', but genuine copulation attempts with the scented dummies as well (Schiestl et al. 1999 Ayasse et al. 2000) . These results contradict the statement made by Borg-Karlson et al. (1985) and show that odour compounds that had been initially overlooked in the analyses of Ophrys floral scents, perhaps because of their presumed low volatility and relatively basic chemical structure, might in fact be the key pollinator attractants in Ophrys and the source of the sex pheromone in the female bees investigated (Schiestl et al. 1999 ). These studies have paved the way for a series of studies that followed and renewed the interest in Ophrys-pollinator interactions as a model system to investigate the ecological and evolutionary basis of signals involved in this mimicry system.
Since then it has become apparent that the active odour compounds triggering stereotyped mating behaviourincluding copulation attempts -by the targeted males are long-chain fatty acids and their derivatives found on the females' cuticle, not in mandibular or Dufour's gland secretions as it was previously assumed. Further experiments on O. sphegodes and A. nigroaenea have shown that female bees change their odour bouquets after mating and release antiaphrodisiac compounds, particularly the active compounds all-trans-farnesyl hexanoate and all-trans-farnesol, that inhibit male mating behaviour . These compounds are produced by the females' Dufour's glands in this and other bee species (Tengö and Bergström 1975) , together with other chemicals that the females use for lining their underground brood cells (Cane 1981) . Interestingly, Schiestl and Ayasse (2001) reported that flowers of O. sphegodes also release significantly higher absolute and relative amounts of trans-farnesyl hexanoate after pollination. They interpreted this finding as a mechanism that might direct pollinators towards fresh, unpollinated flowers that, in turn, may ultimately maximize the overall reproductive success in this pollinator-limited orchid (Schiestl and Ayasse 2001) .
Following from these studies, the female sex pheromone of Colletes cunicularius (L., 1761) and Andrena morio Brullé, 1832 have been described by Mant et al. (2005a) and Stökl et al. (2008) , respectively. For these bee species, the alkenes found in the solvent (n-hexane) extracts of virgin females were shown to be the most attractive to patrolling males, which confirmed the results on A. nigroaenea (Schiestl et al. 1999 . Investigations into the model bee C. cunicularius and the orchid mimic Ophrys exaltata Ten. have shown that this orchid attracts the male bees by using precisely the same set of odour compounds produced by the virgin female bees, namely (Z)-7-heneicosene, (Z)-7-tricosene, and (Z)-7-pentacosene (Mant et al. 2005a; Vereecken and Schiestl 2009 ). However, although the absolute amounts in the female bee and orchid extracts were similar, their proportions (in percentage of the total blend) differed significantly between the model and the mimic. Contrary to theoretical expectations that a Batesian mimic should resemble its specific model organism as closely as possible if the trickery is to work at all, the orchid, with its slightly ''imperfect'' floral scent, was shown to be even more attractive to patrolling males of C. cunicularius than the real females (Vereecken and Schiestl 2008) . These authors suggested that the imperfect mimicry has evolved in O. exaltata because males of C. cunicularius actively prefer the slightly different scent of allopatric females over sympatric ones ). Over time selection imposed by the male bees has driven the scent of the orchids towards ''exoticism'' and not towards a perfect copy of the local female bees.
The chemistry of sexual deception in Neotropical orchids has not been investigated to any great extent and requires indepth investigations, especially in the genera Geoblasta Barb. Rodr., Hofmeisterella Rchb. f., Lepanthes Sw., Mormolyca Fenzl (+ Chrysocycnis Linden & Rchb. f.), Telipogon Kunth (+ Stellilabium Schltr.), Trichoceros Kunth, and Trigonidium Lindl. (all in the family Orchidaceae). Until now, the only species that have been investigated for their floral scent are Trigonidium obtusum Lindl. (Fig. 2E) , a species pollinated by sexually deceiving the patrolling drones of the stingless bee Plebeia droryana (Friese, 1900) (Singer 2002) , and Mormolyca ringens (Lindl.) Schltr. (Fig. 2F) , which is pollinated by drones of the stingless bees Nannotrigona testaceicornis (Lepeletier, 1836) and Scaptotrigona Moure, 1942 (Apidae) (van der Pijl and Dodson 1966) . The floral scent of T. obtusum appears to be largely dominated by a single cuticular hydrocarbon, pentadecane, that failed to elicit behavioural responses by the pollinators in bioassays . In contrast, investigations on M. ringens have reported a total of 31 odour compounds in its floral scent , including 2-heptanol and several straight-chained hydrocarbons (e.g., tricosane, pentacosane, heptacosane, nonacosane, and their associated 9-alkenes). These have been identified both in the epicuticular waxes of the flowers of the orchid mimic and the virgin queens of Scaptotrigona sp. (Flach et al. 2006) . Field observations and preliminary chemical analyses indicate that drones of N. testaceicornis also might be attracted by floral volatiles of M. ringens (Flach et al. 2006) , and that male fungus gnats that pollinate Lepanthes flowers track the floral scent upwind to its source, suggesting that floral scent is indeed likely to be the primary attractant (M. Blanco, personnal communication) . With their several hundreds, if not thousands, of orchid species, the Neotropics secretly hold a considerable share of fascinating orchid-pollinator interactions that call for greater scrutiny.
Not all sexually deceptive orchids have evolved the use of alkenes as pollinator attractants. For example, in the case of the European mirror orchid (O. ciliata = O. speculum), the patterns of cuticular hydrocarbons and their unsaturated derivatives identified in both the female scoliid wasps and the orchid flowers failed to trigger mating behaviour in males of Dasyscolia (= Campsoscolia) ciliata (Fabricius, 1787) . Instead, it was discovered that oxygenated carboxylic acids ((u-1)-hydroxy and (u-1)-oxo acids, especially 9-hydroxydecanoic) were the key compounds in the female sex pheromone of D. ciliata and that they were also produced by the flowers of the mirror orchid (Ayasse et al. 2003 ; see also Gögler et al. 2009 ). In Australia, species of the genus Chiloglottis R. Br. (Orchidaceae) attract their pollinators, male thynnine wasps, by emitting variations on the theme of a single odour compound, 2-ethyl-5-propylcyclohexan-1,3-dione (aka chiloglottone), that also also used by the female wasps as the source of their sex pheromone Schiestl and Peakall 2005; Poldy et al. 2008; Franke et al. 2009; Peakall et al. 2010) . Here too, the sexually deceptive orchids are reported to be more attractive than the thynnine females, but the reason for this ''supernormal stimulation'' lies in the higher absolute amounts of chiloglottone released by the orchid species compared with the female wasps (Schiestl 2004) .
Collectively, even though the chemical characterization of pollinator attractants in sexually deceptive orchids is still in its infancy, these milestone contributions have pinpointed the signal basis for the mimicry of female insects by the orchid flowers. The chemical analyses performed suggest that the patterns of the odour compounds released by the flowers might be species-specific (see Schiestl et al. 2004) , a finding that is consistent with the species-specificity of insect sex pheromones (e.g., Wyatt 2003; but see Schiestl and Peakall 2005) . Schiestl and Ayasse (2002) have tested this hypothesis indirectly by investigating two sister orchid species in the Ophrys fusca group. Their results provide evidence for species-specific patterns of odour compounds between two orchid species that are reproductively isolated through the species-specific attraction of different pollinator taxa. The compounds involved in the specific attraction of the male bees comprised a small set of cuticular hydrocarbons, particularly monounsaturated ones (alkenes) identical in nature to those identified in A. nigroaenea and O. sphegodes by Schiestl et al. (1999) , and the authors have shown that the floral scent differences between the two orchid species investigated concern mainly the patterns of alkenes (Schiestl and Ayasse 2002) . A next step in these investigations was performed by Stökl et al. (2005) and Cortis et al. (2009) who, based on the study by Schiestl and Ayasse (2002) , have enlarged the systematic framework to encompass a selection of Ophrys species pollinated specifically by several male bees. Their results show that the Ophrys species associated with the same pollinator taxa, independent of their phylogenetic relatedness, use similar patterns of identical odour compounds as pollinator attractants (Stökl et al. 2005; Cortis et al. 2009 ). These studies provide illustrative examples of the phenotypic consequences of convergent evolution towards the specific attraction of the same insect species that uses a specific chemical communication channel, and it shows that pollinators can impose selection on the patterns of specific sets of odour compounds. The latter point has been specifically addressed by Mant et al. (2005b) , who found important levels of floral odour differentiation among allopatric populations within species, among allopatric species, and among sympatric species in their investigation of several Ophrys taxa in southern Italy. Furthermore, they found that the patterns of active compounds from C. cunicularius (Mant et al. 2005a) , especially of alkenes, were more strongly differentiated among conspecific populations than nonactive compounds in the floral scent, which suggests that pollinator preferences for certain odour bouquets can drive the divergence of floral scents among populations and species in sexually deceptive orchids (Mant et al. 2005b ).
Dispersal by substrate mimicry
Carrion and dung mimicry in angiosperms
To most people, plants are usually stereotyped as having beautiful, bright coloured flowers, emitting delicate odour bouquets such as that of jasmine, rose, and ylang, which have become key ingredients in today's fragrance industry (Kaiser 1993 (Kaiser , 2006a (Kaiser , 2006b ). However, several groups of plants have adopted radically different olfactory standards that challenge the popular notion of floral scents. They are called sapro(myo)philous plants: their flowers are often dark, with an appearance similar to meat, and they give off strong odours that are, to the human nose, reminiscent of faeces, rotting meat, over-ripe cheese, and urine (Fig. 3) . These odours may appear disagreeable to many animals and it has been proposed that they may deter herbivores and florivores (Lev-Yadun et al. 2009 ). However, they are powerful attractants for scavenging insects, mostly carrion or blow flies, but also a range of carrion and dung beetles that live on putrefying organic remains (Knoll 1926 (Knoll , 1956 Proctor and Yeo 1972; Bristow 1978; Dafni 1984; Barth 1991; Bän-ziger and Pape 2004) . Once drawn to the flowers by the putrid odour, these insects serve as pollinators. Usually the diurnal insects are trapped in a chamber containing clusters of female flowers, at least in the aroid-type plant species, and are prevented from escaping by a barrier of spines. Consequently, any pollen the insect is carrying from a previous flower visit is likely to be delivered onto the stigmatic surface of the female flowers. During the following night, the spines degenerate allowing the insect to escape. However, at this time the male flowers start liberating pollen and they are positioned in a way that forces the pollinator to come into contact with the pollen grains as it leaves (Knoll 1926; Dormer 1960; Proctor and Yeo 1972; Bristow 1978) . The presence of fly eggs in the floral chamber of several saprophilous species supports the hypothesis that the pollinators do not discriminate between the model and the mimic, as sensory stimulation by the flowers results in a full behavioural sequence, including oviposition (Fig. 4A ). This parallels the observations that male insects may be sufficiently stimu-lated by the flowers of sexually deceptive orchids to the point of ejaculating (Coleman 1928; Gaskett et al. 2008 ). These findings suggest that depending on the species pairs, the intensity of behavioural responses triggered by the deceptive plants range from a brief stimulation or visit to more intense responses (e.g., by provoking egg-laying or high sexual arousal and ejaculation; see Vereecken 2009 ) that could potentially jeopardize the pollinators' reproductive output (see Wong and Schiestl 2002) .
Species with carrion and dung flowers have been described from different plant families, mostly in the Apocynaceae, Araceae, Aristolochiaceae, Brumanniaceae, Hydnoraceae, Orchidaceae, Rafflesiaceae, and Taccaceae (Proctor and Yeo 1972; Faegri and van der Pijl 1979; Endress 1994; Kaiser 2006a Kaiser , 2006b ). This pollination strategy has not only become famous for its floral odour chemistry, but also because some of its representatives have evolved inflorescences out of scale with any other plant species in their habitat, let alone their ancestors with tiny flowers (Davis et al. 2007 Davis 2008) . They include the stinking corpse lily (Rafflesia arnoldii R.Br.) with the largest single flower on Earth (up to 1 m across), the giant inflorescence of the titan arum (Amorphophallus titanum (Becc.) Becc. ex Arcang) (on average, higher than a tall human; Fig. 4B ), the Brazilian Dutchman's pipe (Aristolochia gigantea Mart. & Zucc.) ( Fig. 4C) , and the dead horse arum (Helicodiceros muscivorus (L.f.) Engl.) (Fig. 4D ). The mechanisms that have driven the evolution of such unusually large flowers and inflorescences remain obscure, but Davis et al. (2008) have hypothesized that extreme size may help mimicking large animal carcasses and thereby enhance the plant's attractiveness towards pollinators.
Several of these flowers, particularly in the family Araceae, have also evolved the production of floral heat that may reach up to 20 8C above the ambient air temperature (Meeuse 1975; references in Dafni 1984; Lamprecht et al. 1991 Lamprecht et al. , 2002 Schultze-Motel 1997, 1999 ; see also Patino et al. 2002) , a phenomenon that presumably enhances the volatilization of the odours over greater distances. In the case of the skunk cabbage (Symplocarpus foetidus (L.) Salisb. ex W.P.C. Barton), a species that inhabits cold regions of the northern hemisphere, the production of heat can have the extreme side effect of melting of the snow around the plants in their natural habitat (Meeuse 1978) . The dynamics of floral heat production in H. muscivorus have been characterized by Seymour et al. (2003a Seymour et al. ( , 2003b , and Angioy et al. (2004) discovered that the production and temporal variation of floral heat in this species (the mimic) parallels the patterns observed in gull carcasses decaying through microbial processes (the model) on which the blow fly pollinators develop. Their results also provide evidence for an interplay between floral heat and odour in pollinator attraction, which shows that mimicry refinement in this species involves not only scent but also heat and possibly tactile stimulation, because the flowers of H. muscivorus are covered with hairs (Angioy et al. 2004) .
The floral scent composition of carrion-and dungmimicking species has been investigated for a wide range Brown 1982) produced by a range of Araceae contain dimethyl oligosulfides that are also produced by decaying meat (Kite and Hetterschieid 1997; Stránský and Valterová 1999; Stensmyr et al. 2002) . There also may be other compounds in these bouquets, such as monoterpenoids (e.g., linalool, Z/E-ocimene, nerol, limonene, b-citronellene), benzenoids (benzaldehyde, p-cresol, phenylacetaldehyde, 2-phenylethyl acetate, and methyl salicylate) (Kaiser 1993 (Kaiser , 2006a (Kaiser , 2006b Kite 1995; Kite et al. 1998; Diaz and Kite 2002; Gibernau et al. 2004a; Jürgens et al. 2006 Jürgens et al. , 2008 . Jürgens et al. (2008) performed extensive chemical analyses of the floral scents of Apocynaceae and suggested that although we tend to merge all these rather ''unpleasant'' odours under the concept of sapro(myo)phily, some patterns emerge and different subclasses of substrate mimicry may exist (see Table 1 ). This subdivision is as debatable as the concept of pollination syndromes (see Herrera 1996; Waser et al. 1996; Fenster et al. 2004 ), as many substrate-mimicking species emit a large and diverse spectrum of odour compounds (sometimes up to 100 or more; Dobson 2006; Jürgens et al. 2008) , and hence will not strictly match any of the categories, such as strong cheese, spent firecrackers, or dead freshwater fish (mentioned by Smith and Meeuse 1966; Chen and Meeuse 1971; Kite and Hetterschieid 1997) . However, this classification provides a preliminary touchstone with a relatively strong predictive value that can be used in future attempts to uncover the details of the pollination biology and the odour convergence of flowering plants to different adaptive peaks in the olfactory landscape of saprophily (see Raguso 2003; Ollerton and Raguso 2006) . To date, the studies by Stensmyr et al. (2002) and Angioy et al. (2004) on H. muscivorus (Fig. 4D) represent the most detailed account on the pollination biology in this mimicry system. By coupling gas chromatographic analyses to electroantennographic detection (GC-EAD), Stensmyr et al. (2002) have identified a trio of biologically active oligosulfides in the floral scent (dimethyl mono-, di-, tri-sulfides) that are also produced by decaying gull carcasses and used by the pollinators, calliphorid blow flies (Calliphora vicina Robineau-Desvoidy, 1830 and Lucilia caesar (L., 1758)), to locate appropriate egg-laying substrates (Stensmyr et al. 2002) .
Although there is strong evidence that dipterans predominate in pollinator lists of carrion-and dung-mimicking species (Proctor and Yeo 1972; Ollerton and Liede 1997; Gibernau et al. 2004b) , the particular adaptations of most species towards their associated insects and the extent to which these pollination systems are specialized or generalized remain obscure. For example, although the floral scent of Aristolochia gigantea (Fig. 4C) has been shown to have approximately 100 odour compounds, there are still no pollinator records for this species, which hinders further studies on the chemical ecology of this spectacular species (R.A. Raguso, personal communication) . Likewise, the floral scent of 18 Amorphophallus species has been investigated (Kite and Hetterschieid 1997) , but the pollinators of most of these species, including the Amorphophallus titanum (Fig. 4B) , are still virtually unknown.
It may seem logical to refer to this mimicry system as a case of pollination by deceit, as flowers are unlikely to support the full development of fly eggs and maggots in most cases (but see Wiens 1978; Simpson and Neff 1981) . However, it is tempting to ask if the pollinators could derive benefits from their interactions with these plants and if other classes of pollinators could be attracted by the flowers. As mentioned above, floral scents in these species is often accompanied by the production of floral heat and the inevitable by-product, CO 2 . Floral heat itself has been suggested as a reward for insect pollinators (Kevan 1975; Cooley 1995; Seymour et al. 2003a Seymour et al. , 2003b Sapir et al. 2006; Rands and Whitney 2008 ; but see Knoll 1926) , because as exotherms their body temperature is markedly affected by ambient temperatures. This scenario would make sense in cold habitats, but no study has investigated this aspect for carrion-and dung-mimicking species and it seems unlikely in these cases that floral heat could represent a reward for their pollinators. The production of CO 2 during heat outbursts also raises the question of whether this could widen the range of pollinators by attracting blood-sucking or nectar-seeking insects. CO 2 is a major attractant for blood-sucking insects in other contexts (see Lehane 1991; Barrozo and Lazzari 2004) and could explain their attraction to Arum rupicola Boiss. (= Arum conophalloides Kotschy ex Schott), Arum jacquemontii Blume, and other species (e.g., Thien 1969; but see Jhumur et al. 2007 ). The production of floral nectar is also sometimes paralleled by the emission of CO 2 (Goyret et al. 2008) , and a fraction of the gas could dissolve in nectar (for the accumulation of odour compounds in nectar see Raguso 2004 ) and ultimately represent a reliable indicator of the presence of nectar for foraging insects such as bees. A recent study by Diaz and Kite (2006) has provided further evidence (see references in Dafni 1984) challenging the idea that all Arum species are saprophilous. They found that the most effective pollinator and outcrossing vectors of Arum creticum Boiss. & Heldr. were not flies or beetles searching for oviposition sites, but rather female bees of Lasioglossum marginatum (Brullé, 1832) that collect pollen and store it in their underground cell as food for their developing young. It seems that even the ''duped'' pollinators of saprophilous species occasionally eat pollen grains or nectar produced by the flowers (Meeuse 1978; Dafni 1984; Gottsberger and Amaral 1984 and references therein) so that at least some reward -albeit presumably not the one expected by the insect -is available. A similar disconnect between the rewards offered and what the advertisement made by the flowers is found in the European orchids broadleaf helleborine (Epipactis helleborine (L.) Crantz) and violet helleborine (Epipactis purpurata Sm.). These orchids attract social wasps of the genera Dolichovespula Rohwer, 1916 and Vespula Thomson, 1869 as pollinators (Darwin 1862; Müller 1873; Knuth 1909; Judd 1972; Proctor and Yeo 1972) by emitting green-leaf volatiles. These compounds are released by cabbage leaves following herbivory by caterpillars of the cabbage white butterfly (Pieris brassicae (L., 1758)), which the wasps use as an olfactory cue when foraging for their prey (Brodmann et al. 2008) . Obviously, in the orchids there are no caterpillar prey for the wasps, but the flowers' hypochile (a cup-like, basal part of the lip) is filled with a large amount of nectar containing narcotic compounds such as 3-{2-{3-{3-(benzyloxy)propyl}-3-indole, 7,8-didehydro-4,5-epoxy-3,6-D-morphinan, and oxycodone (Jakubska et al. 2005 ) that might promote constancy or addiction in the insects as well.
Spore dispersal in dung mosses
About one half of extant representatives of the moss family Splachnaceae are known to develop on decaying organic matter, particularly animal dung Cameron and Wyatt 1986; Marino 1988 Marino , 1991a Marino , 1991b Marino , 1997 Koponen 1990 ). These so-called dung mosses have evolved unique suites of morphological and chemical adaptations to insect-mediated spore dispersal. Entomophily (or more precisely ''entomochory'', meaning dispersal by insects) is thought to be a derived condition with multiple independent origins in this group of seedless terrestrial plants whose spores are otherwise dispersed by wind, although entomophily may be the ancestral condition followed by multiple losses (see Goffinet et al. 2004; Marino et al. 2009 ). The sporophytes (the spore-producing structures) of these mosses display species-specific combinations of colours (Fig. 4E ) and odours that are not found in wind-dispersed relatives (Pyysalo et al. 1978 (Pyysalo et al. , 1983 . The various combinations of capsule colour and volatile chemical emanating from them entice a relatively large taxonomical range of spore-carrying flies that visit the sporophytes. Visitation time is brief, as rewards are consistently lacking (Cameron and Troilo 1982; Marino 1997 ). This phenomenon suggests that these mosses exploit their associated insects to transport their asexual spores to suitable substrates for germination, drawing interesting parallels between this system and the deceptive pollination of flowering plants described above.
Several authors have investigated the chemistry of the dung-moss odours in the late 1970s and early 1980s Pyysalo et al. 1978 Pyysalo et al. , 1983 . These studies have shown that the sporophytes emit odour compounds typically found in faeces and urine. These include trimethylamine , but also octane derivatives, sour-smelling organic acids such as phenylacetic acid, benzoic acid (Pyysalo et al. 1978 (Pyysalo et al. , 1983 , and benzyl alcohol (Pyysalo et al. 1983) . Recently, Marino et al. (2009) characterized the role of the odour and visual signals involved in the attraction of flies by the sporophytes. Their results largely confirm the early findings mentioned above, and headspace trapping combined with gas chromatography and mass spectrometry (GC-MS) has allowed the identification of a selection of compounds typical of mushrooms (1-octene-3-ol), rotting flesh (dimethyl disulfide and trisulfide), herbivore dung (cresol, indole, and phenol), and even mammalian urine (cyclohexane carboxylic acid esters and heptanal). Marino et al. (2009) suggested that contrary to colour signals, which are found in unrelated anemophilous taxa, the sporophyte odours in this group of mosses should be considered a key innovation for spore dispersal by insects, although colour and odour seems to be required to attract the full range of spore-dispersing flies in natural environments. Trapping experiments performed in situ have revealed that the attraction of flies by the sporophytes shows only little taxonomic overlap among sympatric moss species, which suggests that the differences observed in moss substrate specificity may be the direct outcome of resource constancy or specialization in the guilds of fly species that visit the sporophytes (Marino 1991b; Marino et al. 2009 ).
Fungi, ''mushroom flowers'', and their insect vectors
Flowering plants and fungi may belong to different kingdoms, but nonetheless they share many characteristics of their life cycle. Like plants, most fungi have a vegetative phase followed by a reproductive one (except in the Deuteromycetes) during which a special reproductive structure or a fruiting body analogous to the flowers and inflorescences produces sexual spores for dissemination. The fungal spores are usually dispersed by wind, aided by the turbulence of the air in their surrounding environment, and sexual reproduction is generally achieved when contact is made between the nuclei of two mating types (Deacon 2005; Webster and Weber 2007) . Like plants, several groups of fungi have also evolved highly elaborate interactions with different groups of insects that feed on their reproductive structure and also help in dispersing their spores. One such group comprises the so-called fungus gnats, dipterans of the families Bolitophilidae, Diadocidiidae, Ditomyiidae, Keroplatidae, Mycetophilidae, and Sciaridae, which are common pests of seedlings, houseplants, and ornamentals. The role of fungus (Schardl 1996) , are attracted primarily by two uncommon odour compounds, namely the sesquiterpene alcohol (chokol K) and methyl (Z)-3-methyldodec-2-enoate Steinebrunner et al. 2008a Steinebrunner et al. , 2008b Steinebrunner et al. , 2008c . These two compounds are thought to be specific to Epichloë, and Steinebrunner et al. (2008a Steinebrunner et al. ( , 2008b Steinebrunner et al. ( , 2008c have hypothesized that chokol K is an antimicrobial compound that has evolved secondarily as a pollinator attractant. More parallels between flowering plants and fungi can be made when considering the sexual reproduction of stinkhorns, a group of fungi that are renowned for the shape of their fruiting bodies, which are similar in shape to an erect penis. This resemblance is so obvious that one of the stinkhorns was even named Phallus impudicus L. (the ''shameless penis''). The odour bouquet emitted by its reproductive structure is particularly dominated by dimethyl disulphide and dimethyl trisulphide, which as we have seen above (Table 1) , are characteristic of carrion and dung mimicry (Borg-Karlson et al. 1994) , although Borg-Karlson et al. (1994) have also identified linalool, trans-ocimene, and phenylacetaldehyde in the scent of this species. Thus, not surprisingly, this stinkhorn species exploits carrion flies for the dispersal of its spores. The attractive compounds are emitted by the gleba, a slimy jelly covering the knob of the reproductive structure that contains the spores, on which the flies feed, sometimes several individuals at a time (Fig. 4F) .
At the other end of the olfactory spectrum, some representatives of the ''rust'' fungi (Basidiomycota, Uredinales) have evolved the production of floral odour compounds to attract their spore vectors (Kaiser 2006a (Kaiser , 2006b Ngugi and Scherm 2006) . These fungi are obligate parasites and cause systemic infections in their host plants that result in the formation of ''pseudoflowers''. For example, leaves of different host species infected by rust fungi in the genus Puccinia Pers. (Pucciniaceae) turn into a relatively accurate impersonation of yellow flower petals found in the Brassicaceae and Ranunculaceae (Fig. 4G) . Several studies have shown that the scent and colours of infected leaves indeed lure insects that mediate spore dispersal during their visits and take up some droplets of sugar water produced by the fungus in the process (Gäumann 1959; Roy 1993; Pfunder and Roy 2000; Naef et al. 2002) . The chemistry of this interaction has been investigated by several authors and the results show that the infections by the rust fungi tend to produce very similar odour blends, often composed of indole, phenylacetaldehyde, jasmine lactone, 2-phenylethyl alcohol, and other compounds in varying proportions (see Table 2 and references therein). These compounds are ubiquitous in floral scents (Knudsen et al. 2006) and are renowned attractants, sometimes with a pheromonal function (El-Sayed 2008), for a wide taxonomic range of insects. It is interesting to note that the scent emitted by the pseudoflowers differ both quantitatively and qualitatively from the scent of the infected host plants and that of other uninfected co-blooming plants (Roy and Raguso 1997; Raguso and Roy 1998; Kaiser 2006a Kaiser , 2006b ). In bioassays with the ''pollinators'' of Puccinia monoica Arthur, Roy and Raguso (1997) have shown that among the visitors, halictid bees were attracted by a blend of the major compounds in the same relative concentrations as in pseudoflowers, suggesting that the scent emitted by the latter was sufficient to attract insects. However, the relative role of visual versus olfactory cues in triggering visits by either halictid bees or flies (the other group of visitors) appears largely dependent upon the interacting species under consideration. Many other examples of insect-fungus interactions are known, but only few of them have received attention, particularly with respect to the ''pollinator'' attractants and the pollinators' preferences.
This hijacking of plant-pollinator interactions by fungi species to enhance their reproductive output by co-opting insects as spore-dispersal agents is spectacular, but ''reverse'' scenarios also have been reported in some flowering plants and the best known cases, at least from a chemical perspective, are endemic to the Neotropics. For example, the rainforests of the Colombian Andes are home to frog's skin (Dracula chestertonii (Rchb. f.) Luer), an orchid whose lip mimics the fruiting body of small fungi with lamella-like structures, pore imitations (Fig. 4H) , and by emitting a typical ''mushroom'' scent composed of oct-1-en-3-ol, oct-1-en-3-one, octan-3-ol, and octan-3-one (Kaiser 1993 (Kaiser , 2006a (Kaiser , 2006b ). This combination of characters appears irresistible to fungus gnats that visit and pollinate these orchid flowers as they lay eggs on the involutions of the flowers' pseudolamella. However, much like the situation observed in the carrion-and dung-mimicking species described above, the (Vogel 1978; Stowe 1988; van der Cingel 2001) . A similar pollination strategy is apparently found in Aristolochia arborea Linden, a small tree native to Central America. Its flowers and the small bogus fruiting body found deep inside them have a weak scent that contains a-pinene, camphene, b-pinene, sabinene, limonene, b-cedrene, caryophyllene, germacrene D, bicyclogermacrene, germacrene A, and germacra-1(10),5-dien-4-ol (Kaiser 2006a (Kaiser , 2006b ). Many more plant species in different families, including the orchid genera Corybas Salisb. (Orchidaceae) and Cypripedium L. (Orchidaceae), seem to use this fungus gnat pollination syndrome (Vogel 1978) , but the details of their floral odour chemistry and pollination biology remain unknown.
Mimicry in predation and parasitism
The chemical ecology of nest invaders
Cuckoo bees and their hosts Tengö and Bergström (1975 , 1977 investigated the chemistry of host-parasite interactions, using species of the cuckoo bee genus Nomada Scopoli, 1770 (Apidae) and their associated hosts, species of the bee genera Andrena (Andrenidae) and Melitta Kirby, 1802 (Melittidae). Their results show an important qualitative correspondence between the major odour compounds produced by the mandibular glands of the Nomada males and the abdominal Dufour's gland of their hosts' females. These volatile lipids (geranyl octanoate or farnesyl hexanoate in Nomada-Andrena and octadecyl butyrate in Nomada-Melitta) have not been identified in the mandibular glands of the female host bees (Tengö and Bergström 1977) . Compounds identified in the Dufour's gland secretions of nonparasitic female bees have waterproof and antimicrobial properties when used by the female to coat her underground brood cells (Hefetz et al. 1979; Cane 1981) . J. Tengö and G. Bergström suggested that the Nomada males transfer these ''host-mimetic'' odour compounds to their conspecific females during mating. According to their scenario, this chemical camouflage presumably helps the gravid cuckoo females to invade their hosts' nests undetected, thus avoiding fights with host females by having the scent of a conspecific (for a review see Bergström 2008) .
Although the evidence for a chemical similarity between the Nomada males and the females of their associated hosts is indisputable, behavioural evidence and experimental studies remain to be done. Observational evidence suggest that this camouflage, or ''wolf in sheep's clothing'' strategy of Nomada females might not be the prevailing mechanism by which the parasites slip into their hosts' nests. First, observations of antagonistic interactions between Andrena females at nest entrances indicate that fights do occur among conspecifics: in noncommunal nesting species, each female actively protects its nest to the point of attacking intruders, including conspecifics (N.J. Vereecken, personal observation). Second, antagonistic interactions between Nomada females and their hosts have been regularly observed, both within the nest (Mohra et al. 1999; Schindler 2005) and at the nest entrance (Eickwort and Abrams 1980; Cane 1983; Schindler 2005) . Third, parallel studies on the composition of natural extracts have failed to provide evidence for congruence in odour between the Nomada females and their associated hosts (Duffield et al. 1984) , except in one study on Nomada marshamella (Kirby, 1802) and its communal host Andrena carantonica (= Andrena scotica) Pérez 1902 (Fleck 1995) . Finally, recent investigations into the mating behaviour of Nomada fucata Panzer, 1798 and Nomada lathburiana (Kirby, 1802) have shown that a male typically winds his antennal flagellae around the female's during courtship and then pulls them upwards so that they glide over the female's (Fig. 5A) . Males of different Nomada species have specialized antennal glands that may secrete sex pheromones onto the female antennae during mating (Schindler 2005) . This stereotyped behavioural sequence differs from the courtship behaviour described by Tengö and Bergström (1977) and the apparent contradiction between their mimicry hypothesis and these recent observations on the behavioural ecology of Andrena-Nomada certainly merit further investigations. A particularly promising research avenue would be to compare the similarity in odour signals between Nomada species and their associated host species, contrasting those that associated with communal versus solitary nesting species. Nomada females that parasitize solitary nesting Andrena bees are often found patrolling nesting sites and inspecting nest entrances of their hosts; the cuckoos sometimes wait in ambush for several minutes close to the nest (Fig. 5B) until the female host leaves for a foraging bout before infiltrating the burrow to lay their eggs. In contrast, cuckoo bees associated with communal nesters face a more important challenge: there will always be one or more females inside the nest, or at least close to the nest entrance, to contest the entry of intruders. Under such circumstances, Nomada species may have evolved adaptations such as mimicry or camouflage to help them gain access to the underground brood cells without being attacked by the hosts inside the nests. The modern analytical techniques available for the study of odour compounds (e.g., Blomquist and Vogt 2003; Tholl and Röse 2006) , combined with breeding experiments of the host bees and their associated cuckoo species (Schindler 2005) , should now permit a rigorous testing of J. Tengö and G. Bergström's mimicry hypothesis in Andrena-Nomada interactions. However, it must be remembered that when testing the hypothesis through in-depth behavioural and experimental studies, the results from such studies may differ substantially from one host-parasite interaction to the next. For example, Sick et al. (1994) found evidence for intranest antagonistic behaviour between several cuckoo bees of the genus Sphecodes Latreille, 1804 (Halictidae) and their associated solitary or social bee hosts. Furtermore, they found that the Dufour's gland volatiles from the cuckoos and their associated hosts are not similar, so these findings do not lend support to the mimicry hypothesis. However, recent work on the European beewolf (Philanthus triangulum (Fabricius, 1775) ) showed that the patterns of cuticular hydrocarbons are similar to those of the host female, and thus would support J. Tengö and G. Bergström's hypothesis (Strohm et al. 2008) .
Meloid beetles and their bee hosts
Another group of insect parasites associated with solitary bees are meloids (also called blister beetles or oil beetles; Meloidae), a large group of approximately 2500 species with a worldwide distribution Pinto 2001, 2002; Bologna et al. 2008) . These beetles are unique in having a hypermetabolous larval development, which the French entomologist Jean-Henri Fabre termed ''hypermetamorphoses'' (Fabre 1857) . Each meloid beetle larva develops through a series of instars, the first being the highly mobile ''triungulin'' which possesses adaptations that facilitate such activities as displacement, food seeking, grasping their hosts, and entering underground burrows. (Bologna and Pinto 2002) . Some species parasitize bees and it is the triungulins (Fig. 5C ) that invade the underground brood cells where the larvae feed on bee host larvae, as well as on the provisions (pollen, nectar) accumulated in the nest.
Although both the morphology and systematics of meloids have received considerable interest, the details of their ecology, in particular the modus operandi by which those that parasitize bees actually gain access to the resources of their hosts, remain relatively obscure. Only very little is known beyond the name of one or a few host species for each meloid species. In some species, the triungulins are highly mobile and disperse after hatching to investigate their nearby environment for food (e.g., genus Cysteodemus LeConte, 1851 (Meloidae)), whereas in others (e.g., genera Sitaris Latreille, 1802 and Hornia Riley, 1877 (Meloidae)), the eggs are laid close to the nest entrance of their hosts, which facilitates the access of the underground burrows to these parasites. Finally, there are groups of species (e.g., in the genera Meloe L., 1758 (Meloidae) and Stenoria Mulsant, 1857 (Meloidae)) that cling onto the setae of their host and access the nest through ''phoresy'', i.e., they are being transported onto the body of their host without directly parasitizing the latter (Clausen 1976) . The phoretic triungulins typically climb on nearby flowers and inflorescences upon hatching, and attach to passing female bees that come to the plant to collect nectar and pollen. The triungulins are then ultimately trans- ported to the host nest as the female bees discharge their loads in their underground brood cells. Fossil evidence suggest that the origin of such highly specialized host-parasite interactions can be traced as far back in time as the early Miocene (23.8-16.4 million years ago) (Poinar 1992) or the middle Eocene (48.6-37.2 million years ago) (Engel 2005) , and molecular phylogenetic studies have reported that phoresy has evolved multiple times independently in the family Meloidae (Bologna and Pinto 2001) .
At least two unrelated species of meloids that show adaptations for grasping their host in the first instar have evolved a means of attracting males of their solitary bee hosts by sexual deception instead of ''patiently'' waiting on flowers until a suitable bee host passes by. The first known case involves Meloe franciscanus Van Dyke, 1928 and its host, the digger bee (Habropoda pallida (Timberlake, 1937)), described from the Mojave desert in California, USA (Hafernik and Saul-Gershenz 2000), whereas the second concerns Stenoria analis (Schaum, 1859) and its host, the plasterer bee (Colletes hederae Schmidt and Westrich, 1993) , in France (Vereecken and Mahé 2007) . In both instances, the freshly emerged triungulins actively aggregate on dead stems or twigs in the vegetation to form discrete, compact clusters. These masses of triungulins deceive patrolling males of the targeted host species in search of females into landing on the clusters and even attempting copulation with them (Fig. 5D ). In the process, subgroups of triungulins attach to the male bees and are then either transferred onto the female bees during real copulations (Hafernik and Saul-Gershenz 2000) or brought back directly because the males regularly fly back to the nest during the day (Vereecken and Mahé 2007) .
The interaction between H. pallida and M. franciscanus has received the most attention to date, including the chemical analyses of odour extracts made from the clusters of triungulins and the receptive female bees, along with behavioural bioassays in the extreme conditions of the Mojave Desert (Saul-Gershenz and Millar 2006) . Their results show that the triungulins attract the patrolling males of their host by emitting odour compounds, particularly alkenes ((Z)-9-C23, (Z)-11-C23, (Z)-9-C25 and (Z)-11-C25) that correspond to a subset of key sex attractants also emitted by the receptive female bees. Several other species of solitary bees are known to use alkenes as the source of their sex pheromone, including Amegilla dawsoni (Rayment, 1951) (Simmons et al. 2003) , Andrena flavipes Panzer, 1799 (Schiestl and Ayasse 2002 ; N.J. Vereecken, unpublished data), A. morio (Stökl et al. 2007) , A. nigroaenea (Schiestl et al. 1999) , C. cunicularius (Mant et al. 2005a) , alfalfa leafcutting bee (Megachile rotundata (Fabricius, 1793)) (Paulmier et al. 1999) , and Osmia rufa (L., 1758) . Preliminary studies on the sex pheromone chemistry of C. hederae indicate that alkenes are also present in solvent extracts of virgin females, as well as larval clusters of S. analis, and that these compounds are capable of triggering copulation attempts by the males on scented dummies (N.J. Vereecken, unpublished data). These data suggest that the two sexually deceptive meloid beetles have independently evolved towards the emission of alkenes, perhaps even identical compounds, as a mechanism to attract the male bees and, thereby, facilitate the infiltration of their host's nest.
Whether this host exploitation strategy has evolved in other meloid beetle species is an open question, but we may hypothesize that in light of these recent discoveries, other cases are likely to be uncovered in the future. The degree of specificity of these mimicry systems also remains to be investigated, addressing questions like ''do the triungulins attract males of only one species'', ''how similar are the key odour compounds of the models and their mimics, or how ''perfect'' is the chemical mimicry'', and ''what are the odour preferences of the dupes'' (see Vereecken and Schiestl 2008; Vereecken 2009) . Such studies will add important insights into the understanding of chemical mimicry in meloid beetles and they will help shed light on the selection pressures driving the evolution of sexually deceptive signals in this large group of insects.
Lycaenid caterpillars and ants
There are many thousands insect species whose life history involves either facultative or obligatory associations with ants (Holldobler and Wilson 1990) . For the most part these associations are mutualistic, with ants gaining resources such as essential nutrients, whereas the partner species may suffer lower levels of predation or parasitism owing to the intervention of their attendant ''body guards''. Myrmecophily has certainly been well documented for many lycaenid butterflies, with the caterpillar or pupal stages deploying a number of different means to ensure that they are attended rather than attacked by ants. These include specialized myrmecophilous glands that produce nutrient rewards and (or) chemical cues that serve as adoption or appeasement signals (see Fiedler et al. 1996; Pierce et al. 2002 and references therein) . There is also evidence that lycaenids may actively recruit ants using chemical and mechanical signals (e.g., DeVries 1990; Axén et al. 1996; Travassos and Pierce 2000) .
Many studies have examined the relative costs and benefits for both species involved in these mutualisitic interactions (see Wagner 1993; Fiedler et al. 1996; Pierce et al. 2002 and references therein) . However, mutualistic interactions may breakdown for several different reasons; the most obvious being local or widespread extinctions when perturbations significantly disrupt obligate mutualistic interactions (Sachs and Simms 2006) . One of the means by which mutualism may break down is a shift from a mutualisitic to a parasitic or predatory relationship (Sachs and Simms 2006) , and a number of well-documented cases have been reported for lycaenid species, especially in the European large blue butterflies (Maculinea van Eecke, 1915 (Lycaenidae)) and in the Asian genus Phengaris Doherty, 1891 (Lycaenidae) (see Als et al. 2004 and references therein). Females of parasitic or predatory species lay their eggs on specific host plants and the young instar larvae develop as typical herbivores. However, once they reach the fourth instar, they fall to the ground; at which time they are located by foraging ants (usually genus Myrmica Latreille, 1804 (Formicidae)) and are carried back to the nest where they switch to a parasitic mode of development. Once in the ant nest, the majority of lycaenid species are true predators that feed on the ant colony, whereas a few are cuckoo species that are generally cared for by worker ants (see Als et al. 2001 Als et al. , 2004 Thomas and Settele 2004 , as well as references therein).
The Maculinea larvae on the ground may be located and transported back to the nest by a number of different Myrmica species, many of which are unsuitable for the normal development of the parasitic larvae. For example, as shown for populations of Maculinea rebeli (Hirschke, 1904) in France and Spain, although more than two-thirds of all caterpillars are retrieved by nonhost ant species, more than 95% of all adults emerge from nests of one specific ant (Myrmica schencki Viereck, 1903) (Elmes et al. 1991; Thomas and Elmes 1998) . Holldobler and Wilson (1990) , suggested that the social parasites of ants would use a different array of cues, including chemical mimicry and (or) camouflage, to access host colonies. However, the fact that many ''unsuitable'' ant species collect M. rebeli larvae when they fall to the ground would suggest that if chemical cues are involved, they do not perfectly mimic M. schencki. The preadoption cuticular hydrocarbon profile of the caterpillars was relatively simple and resembled that of M. rebeli than other Myrmica species, although there was enough similarity to explain why larvae would be collected by other ant species in the genus (Akino et al. 1999; Schlick-Steiner et al. 2004; Schönrogge et al. 2004 ).
However, once retrieved and brought into the nest, a moderate chemical similarity to the host ant would most probably be insufficient to avoid detection as an intruder, an idea supported by the finding that within 2 days the acceptance of caterpillars was significantly higher in a colony of M. schencki than in the nonhosts Myrmica sabuleti Meinert, 1861 and Myrmica rubra (L., 1758) (Schönrogge et al. 2004 ). Thus, caterpillars would have to camouflage themselves through the acquisition of chemicals from the attendant hosts and (or) by synthesizing addition cuticular compounds that allow them to mimic their host. In their study, Akino et al. (1999) found that there was a significant change in the cuticular profile of caterpillars 7 days after adoption, with evidence that at least one compound was actively synthesized. A subsequent study by Schönrogge et al. (2004) found that 3 weeks after adoption, M. rebeli caterpillars had a similarity index of about 40% with M. schencki ants and retained this difference even when held for an additional 4 days without attendant ants. Interestingly, larvae that were held with nonhosts actually have a higher similarity with their attendant ants than those held with M. schencki, supporting the idea that M. rebeli uses camouflage when with nonhost ants. This would permit the caterpillars to survive in nonhost colonies when food resources are abundant (Schönrogge et al. 2004 ). However, Schön-rogge et al. (2004) found that under conditions of food stress caterpillar survival was significantly lower in nonhost than host colonies and proposed that the marked decline in the similarity index when caterpillars were held alone for 4 days, accompanied with the synthesis of compounds that mimic their preferred host, M. schencki, would identify them as nest intruders and explain why M. rebeli larvae were eliminated.
It has been recognised for some time that lycaenid caterpillars and pupae produce sounds and that these auditory signals may play a role in the recruitment of attendant ants in mutualistic interactions (see DeVries 1990; Travassos and Pierce 2000; Pierce et al. 2002) . Barbero et al. (2009) reported that queens of M. schencki produce specific auditory signals that result in the higher expression of benevolent worker behaviours, particularly guarding, than those produced by conspecific workers They also demonstrated that the larvae and pupae of M. rebeli produce auditory signals very similar to those of the ant queen. Thus, auditory mimicry combines with the abovementioned chemical mimicry to help M. rebeli exploit its ant host and could explain why, even under stressful conditions, these parasitic caterpillars retain their high position within the hierarchy of the nest.
A case of specific chemical caste mimicry has recently been reported in another lycaenid, Niphanda fusca (Bremer and Grey, 1852) (Hojo et al. 2009 ). In this cuckoo species, the caterpillars exploit colonies of the ant Camponotus japonicus Mayr, 1866, where they are tended preferentially by their hosts. There is a marked change in the cuticular chemical profile following adoption and this, in part, may result from the passive acquisition of hydrocarbons from attendant worker ants. However, discriminant analysis of the cuticular profiles of N. fusca and the different castes of C. japonicus show that the caterpillars most closely resemble adult males. This finding strongly supports the idea that the caterpillars also have the ability to synthesis specific cuticular hydrocarbons, as they normally would not come into contact with male ants. Hojo et al. (2009) note that males are present in the colony for many months and are very competitive when it comes to acquiring food through trophallaxis, and propose that caterpillars would, therefore, benefit from this specific chemical mimicry. This increased ability to attract attendant workers could work in conjunction with the caterpillar's glucose secretion that contains glycine, the latter lowering the threshold concentration for feeding and may permit the parasites to manipulate the worker ants (Wada et al. 2001) , Many of the Maculinea species are now endangered and is one group of Lepidoptera that have been highlighted for butterfly conservation efforts (Thomas and Settele 2004) , so the greater our understanding of these specialized, multispecies interactions, the greater the probability of successful conservation program. Clearly, additional information on different aspects related to population and community ecology, such as relative importance of the distribution of the host plants on which early instars develop, as well as the distribution and diversity of potential ant colonies, at different spatial scales are required (e.g., Hochberg et al. 1992; van Dyck et al. 2000; Thomas and Elmes 2001; Mouquet et al. 2005; Anton et al. 2008) . Furthermore, there is now increasing evidence that the number of ant species parasitized by a given lycaenid species may vary geographically (Als et al. 2001 (Als et al. , 2004 Pech et al. 2007; Witek et al. 2008 ). Consequently, more experimental studies are needed to provide a better understanding of the various steps of chemical mimicry that modulate the adoption and integration of a given parasite species into the nests of different host ants (e.g., Als et al. 2001; Schlick-Steiner et al. 2004) .
The intensity of the chemical arms race between host and parasite could be modulated by the intensity of parasitism. Geographic mosiac models predict that there will hot spots and cold spots of coevolution, and in ant-lycaenid systems, it will only be advantageous for the ant at a given site to change its cuticular profile to facilitate discrimination between nest mates and nest parasites if the associated costs are less than those resulting from parasitism. Nash et al. (2008) provided clear experimental evidence that this could occur in interactions with Maculinea alcon (Denis and Schiffermüller, 1775) and M. rubra, but not for M. alcon and Myrmica ruginodis Nylander, 1846, even though both host ants occurred sympatrically. They postulated that changes in the cuticular hydrocarbon profiles of M. rubra arose in response to high predation pressure because of hot spots that arose owing to the low level of gene flow between ant populations. In contrast, a higher level of gene flow between populations of M. ruginodis resulted in lower selection pressure and thus the absence of such chemical arms race hot spots. The authors suggested that these species-specific M. ruginodis cold spots might permit M. alcon to survive in areas where M. rubra nests are under strong pressure to chemically discriminate between nest mates and parasitic caterpillars. Thus, chemical mimicry scenarios may vary markedly both spatially and temporally and underscore the need to have a greater knowledge of these systems to improve the chances for successful conservation program.
Aggressive chemical mimicry in bolas spiders
Many parasitoids and predators eavesdrop on their potential prey using an array of direct and indirect chemical cues (Stowe et al. 1995) , but a small number use deceitful chemical cues to attract prey. Several spider species are known to actually lure prey by imitating the female sex pheromone of different moth species (Stowe 1988; Yeargan 1994; Haynes and Yeargan 1999) and the best documented cases are those examining the bolas spiders, particularly the temperate, monovoltine species in the genus Mastophora Holmberg, 1876 (Araneidae) (Yeargan 1994 ). However, not a great deal is known even for these species, as they are both cryptic and nocturnal.
When foraging the immature bolas spiders remain motionless on leaf edges with their front two pairs of legs up in air, and feed primarily on adults of small Diptera (Yeargan 1994) . Yeargan and Quate (1996) tested the hypothesis that the spiderlings attract prey with chemical cues using Mastophora hutchinsoni Gertsch, 1955 , Mastophora bisaccata (Emerton, 1884 , and Mastophora phrynosoma Gertsch, 1955, which are three North American species with similar hunting strategies. For each species, they baited sticky traps with either young male or female spiderlings and blank traps were used as controls. They found that, for each species, traps baited with spiderlings, regardless of sex, captured significantly higher numbers of the fly genus Psychoda Latreille, 1796 (Psychodidae) than controls. Furthermore, over the 2-year trial, >95% of all the adult Psychoda flies captured were male, strongly supporting the idea that aggressive mimicry of a female sex pheromone was being used. A detailed examination of the prey captured strongly suggested that although they all selectively prey on male Psychoda flies, each of the bolas spider species exploits different prey species. Spiderlings of M. phrynosoma caught mostly Psychoda phalaenoides (L., 1758), whereas those of M. hutchinsoni attracted mainly Psychoda trinodulosa Tonnoir, 1922 . The situation was less clearcut for M. bisaccata. In the first year, the traps baited with spiderlings also captured P. phalaenoides and P. trinodulosa. However, in the second year, the majority of moth flies captured in traps baited with M. bisaccata were Psychoda satchelli Quate, 1955, a species that was not attracted by the spiderlings of the other two species. Although the interyear differences may, in part, be due to different climatic conditions, the authors also raise the possibility that what is considered to be M. bisaccata may actually be more than one species (Yeargan and Quate 1996) . Subsequently, Levi (2003) divided M. bisaccata into three species (Mastophora bisaccata, Mastophora stowei Levi, 2003, and Mastophora yeargani Levi, 2003) . Overall, the data strongly suggest that the spiderlings of the different species are producing speciesspecific chemical cues to attract their prey.
Using the same experimental design, Yeargan and Quate (1997) also tested the hypothesis than the small male bolas spiders use the same hunting strategy as the spiderlings. In this 3-year study, they baited traps with individual M. phrynosoma and caught mainly P. phalaenoides and >96% of all Psychoda flies captured were male. Thus, adult bolas males would appear to use the same aggressive mimicry as spiderling stages, attracting male prey species by mimicking the female sex pheromone of the prey species that they exploit. The only pheromones identified in the Psychodidae have been from the genus Lutzomyia França, 1924, which serve as vectors of the parasite causing leishmaniasis in the New World. However, in these species of sand fly, the sex pheromones are produced by males (Hamilton et al. 2002; Brazil et al. 2009 ). Thus, if the foraging of young spiderlings and adult male bolas spiders is based on aggressive mimicry using olfactory cues that resemble female sex pheromones, it is clear that the chemical ecology of moth flies (subfamily Psychodinae) is very different than those of sand flies (subfamily Phlebotominae).
Clearly, additional work needs to be carried out to experimentally confirm that, as hypothesized, allomones are actually being produced. In addition, if present, it would be of interest to determine the pathways for the synthesis of such compounds and to what extent, both within and between species, their production varies as a function prevailing climatic conditions and (or) host availability. Such information would certainly help in our understanding of these specific predator-prey interactions, especially with respect to the extent that different bolas species mimic different prey species.
There also is a need for further research to determine where such chemicals are released. Both sexes of young spiderlings and the adult males have a row of bristles on the prolateral side of the first two legs, whereas females loose theirs during the later stages of immature development (Yeargan 1988 (Yeargan , 1994 . It is possible that these bristles only serve as a mechanical means of handling prey, but additional research should investigate whether they are involved in the production and (or) release of the allomones that attract male Psychoda flies. Lopez et al. (1985) have implicated the legs in the release of allomones by adult female Mastophora, and Stowe et al. (1987) noted that neither the bolas nor the webbing contain pheromone components. However, Lopez et al. (1986) reported that ampullate glands of the silk-forming apparatus of Kaira alba (Hentz, 1850) (which also attracts male pyralids as preys; see Levi 1993) contain adenocytes very similar to those found the pheromone producing glands of many insects.
Advanced immature and adult female bolas spiders do not feed on dipterans but rather prey on the males of a few moth species, the large majority being noctuids (Stowe et al. 1987 (Stowe et al. , 1995 Yeargan 1988 ). However, they still deploy a form of aggressive chemical mimicry, using components of female sex pheromones to attract potential prey. As in the case of spiderlings, the majority of detailed work on the chemical mimicry of female bolas spiders has been done on M. hutchinsoni and Mastophora cornigera (Hentz, 1850) . All of the volatiles identified from hunting females of these two species are well-known components of female moth sex pheromones (Stowe et al. 1987 (Stowe et al. , 1995 Gemeno et al. 2000 ; Table 3 ).
Male moths, attracted by these compounds, fly upwind to the hunting female and are captured with the sticky droplet at the end of the bolas (Fig. 6) , at which time they are paralysed by biting and then generally wrapped in silk for later consumption. Females are able to detect the wing vibrations of an approaching male moth and use these cues to flick the bolas towards the potential prey. Interestingly, females in the hunting position (front legs extended) but with no bolas also emit moth pheromone components and use the auditory cues of an approaching moth to initiate bolas formation. This process takes about 2 min, so although the first approaching male moth is not likely to be captured, the female spider obtains information about the surrounding availability of prey (Haynes et al. 2001) . Again the fact that females with the legs raised release significantly more allomones than those in a resting position or feeding supports the idea that the legs may be the release point of these infochemicals. Stowe et al. (1987 Stowe et al. ( , 1995 reported considerable variability in the airborne volatiles from individual females and have suggested that females could produce different blends, as several prey species were captured by individual females. They noted that a total of 19 different prey species had been recorded for M. cornigera, with up to 9 different moth species being captured by one female. Z9-14:Ac, and possibly Z11-16:Ac, in the volatile emissions of M. cornigera are components of the female sex pheromones from six of the different prey species captured. Interestingly, although the production of Z11-16:Ac was not confirmed in the volatile emissions from M. cornigera, it is the major component of the armyworm (Pseudaletia unipuncta (Haworth, 1809) ) and has proven effective as a lure for this species (Turgeon et al. 1983a (Turgeon et al. , 1983b . Pseudaletia unipuncta is only one of three prey species captured by different species of bolas spider: by M. cornigera in California and M. bisaccata in Kentucky (Yeargan 1994 ). Thus, relying on common compounds found in an array of moth species could offer both temporal and spatial flexibility for hunting females.
The prey of M. hutchinsoni in Kentucky is composed of four moth species: bristly cutworm (Lacinipolia renigera (Stephens, 1829)), smoky tetanolita (Tetanolita mynesalis Walker, 1859), bronzed cutworm (Nephelodes minians Guenée, 1852), and bluegrass webworm (Parapediasia teterella (Zincken, 1821)) (Yeargan 1988 Stowe et al. 1987; Stowe et al.1995; Gemeno et al. 2000 The first two species composing >90% of all moths captured and there is considerable seasonal overlap in their flight periods, although L. renigera is active early in the scotophase, whereas T. mynesalis flies later in the night (Yeargan 1988 ).
Haynes and collaborators used this system to investigate how such a temporal switch in the use of different prey species could be achieved using chemical mimicry when the moths use such very different pheromones. Gemeno et al. (2000) found the emissions of hunting females of M. hutchinsoni contained Z11-16:Ac and (Z,E)-12-14:AC, the two compounds of L. renigera (Haynes 1990) , in ratios similar to those of the calling female moth. However, they did not find evidence of 3Z,9Z-6S,7R-epoxy-21:H or 3Z,6Z,9Z-21:H, the pheromone components of T. mynesalis. In a subsequent study, Haynes et al. (2002) found that the diel flight patterns of the moths coincided with the periods that M. hutchinsoni captured males of the two prey species. Furthermore, they found that males of neither species were captured in pheromone traps baited with heterospecific blends, but whereas the presence of T. mynesalis pheromone did not affect the response of males of L. renigera to their conspecific blend, the inverse was not true. The presence of the L. renigera pheromone was behaviorally antagonistic for the response of males of T. mynesalis to their conspecific blend in a positive-dose-dependent manner (Haynes et al. 2002) . Through a series of elegant experiments shifting the male response windows of both prey species, they provided evidence that M. hutchinsoni continuously produce the pheromone components of L. renigera and T. mynesalis. However, they also clearly demonstrated that the production of L. renigera pheromone declines significantly in the latter part of the scotophase, coinciding with the onset of the flight period of T. mynesalis. Thus, through the differential temporal production of Z9-14:Ac and (Z,E)-9,12-14:AC, female bolas spiders are able to circumvent behaviorally antagonism of these compounds on males of T. mynesalis, and as a result can effectively exploit two different prey species within the same scotophase. It would be of interest to know whether the late immature stage female also produce the sex pheromones of both prey species, for at the time of the year when they are present T. mynesalis is the only prey species flying (Yeargan 1988 ).
Conclusions and perspectives
For more than a century, the literature on mimicry has been largely dominated by studies on the adaptive resemblance of animals to other organisms with a strong focus on the comparative analysis of visual signals. The gaudy colour patterns of unpalatable Heliconius butterflies that are mimicked by unrelated and otherwise palatable species have become prime examples of mimicry that are used recurrently in textbooks, but the past few decades of research into the chemical communication of insect-insect and insect-plant interactions have revealed a growing body of examples that include not only animals, but also seedless plants, angiosperms, and even fungi that resort to ''chemical'' mimicry to reproduce or, more generally, to complete their life cycle.
As we have shown in this review, we are only just beginning to scratch the surface when it comes to our understanding of chemical mimicry, and the taxonomic diversity of organisms involved in this particular form of deception offers promising avenues for future research. Each group of interacting organisms will of course bring series of questions that are unique to the biology of the species involved, but there are also more general questions to be addressed that will provide greater insight into specific cases of mimicry. Orchid chemical mimicry has received the most attention so far by independent teams of researchers that have worked on several genera with representatives in different parts of the globe, and spectacular new examples of chemical mimicry are regularly described (see Brodmann et al. 2008 Brodmann et al. , 2009 ). Several of the more general questions on the ecology and evolution of chemical mimicry in other systems that have been discovered more recently can, therefore, be drawn from past studies on the chemistry of orchid pollination as follows.
Which compounds are responsible for the attraction of the dupe species?
Different sampling techniques (e.g., solvent versus headspace extraction), the chemical composition of the extracts should be carefully analysed and natural extracts should be tested for their attractiveness towards the dupe species to determine the chemical nature of the attractants. A second step involves the use of GC-EAD to help filter through the range of odour compounds emitted and pinpoint a subset of socalled ''biologically active compounds'' that are detected by the duped species.
Which selection pressures drive the evolution of chemical signals?
Performing bioassays with the dupe species using dummies scented with natural extracts or blends of synthetic bio- This approach can reveal contrasting patterns of differentiation and, e.g., highlight overlapping patterns in compounds that are involved in the attraction of the dupe species, whereas nonactive compounds could be more strongly differentiated (e.g., Mant et al. 2005b; Cortis et al. 2009 ).
The convergence in chemical signals between the model and the mimic might not always be perfect. There are several situations where other selection pressures than that of the mimetic refinement might drive the evolution of the chemical signals involved. For example, the mimic might influence the evolution of the chemical signals of the model species when the mimic has a high fitness impact on the dupe (e.g., high predation by bolas spiders, sperm wastage and female avoidance in orchid pollinators, the intensity of parasitism in lycaenid-ant interactions). Imperfect chemical mimicry could also be maintained in instances where a mimic is involved in interactions with multiple model species (e.g., for visual signals see Edmunds 2006) , or where the cognitive processes of the operator allow for phenotypic dissimilarities between models and mimics (e.g., for visual signals see Chittka and Osorio 2007) . Finally, as we have described above, there also may be cases where an apparently imperfect chemical mimicry is maintained through the active preferences of the operators for slightly dissimilar chemical signals (Vereecken and Schiestl 2008) .
How do signals evolve among populations, seasons, and species?
Several other factors might influence the evolution of chemical signals, both at the intra-and inter-specific level. Within species, chemical signals of the model can vary among distant populations ) and also among seasons when either the model or the mimic has an active control over the composition or rates of emission of the chemical signals used to attract the operators. Quantifying how specific is the interaction between the mimic and the operators is key to understanding how evolutionary flexible mimicry systems are. For example, it seems quite clear now that Ophrys orchids are capable of attracting alternative pollinator species, which occasionally leads to the production of natural hybrids when male bees come and go from one Ophrys species to the next, delivering pollen masses in the process. This phenomenon obviously makes the mimicry system much more flexible because it might allow the orchids to ensure their reproductive success by overcoming seasonal or annual fluctuations in local pollinator populations. The bolas spiders and their preys raise similar and related questions such as (i) to what degree is there species specificity in the mimicry of prey pheromones; (ii) is, as suggested by the existing literature, this more tightly controlled in spiderlings and males than in females once they switch to the use of the bolas as a means of predation; (iii) to what extent are the marked adult interfemale differences observed by Stowe et al. (1987 Stowe et al. ( , 1995 governed genetically and (or) by daily and season climatic cues; and (iv) are the spiders able to change the allomones produced to cope with changes in the availability of different potential prey species?
Investigating differences in chemical signals among closely related species represents a first important step towards integrating the study of chemical signals in a phylogenetic context. The comparative method applied to the evolution of signals also offers unique opportunities to uncover the mechanisms of speciation and reproductive isolation between model and mimic species that have evolved highly specialized interactions with their operators (Harvey and Pagel 1991; Maynard-Smith and Harper 2003; Oller and Griebel 2004) .
Obviously, answers to these and a host of other questions will not only provide greater insight into specific cases of chemical mimicry but will also open avenues for future research. The study of chemical mimicry is still in its infancy and its future will depend on active collaborations between naturalists, evolutionary biologists, and organic chemists to unravel the often extraordinary cases of adaptive resemblance between unrelated species armed with extraordinary repertoires of chemical disguises in the struggle for life.
